OBJECTIVE: Total arch replacement, with a long elephant trunk (ET) anastomosed at the base of the innominate artery using an undersized graft, is performed for a variety of arch aneurysms. We investigated the long-term clinical outcomes of this procedure, as well as its long-term effectiveness for preventing retrograde flow into the aneurysm and further dilation of the descending aorta.
INTRODUCTION
Repair of an extensive arch aneurysm extending to the descending thoracic aorta remains a surgical challenge. Following the introduction of the elephant trunk (ET) technique by Borst et al. [1] , the original technique and various modifications have been widely used for repair of extensive aortic aneurysms as two-stage or single-stage long ET, or frozen ET operations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Two-stage approaches are associated with a substantial cumulative mortality for both procedures and death commonly occurs from aortic rupture in the interval between the procedures, thus conventional single-stage extensive aortic replacement is favoured by some surgical groups [4, 5, 14, 15] . Recently, less invasive hybrid approaches without cardiopulmonary bypass and arch vessel-debranching techniques using open surgical stentgraft insertion have also emerged [16, 17] .
In 1998, we developed a modified ET technique using a single 'four-branched arch graft' with a sewing 'collar' and 'long elephant trunk' prosthesis to treat extensive thoracic aneurysms [2, 3] . Our technique was termed 'total arch replacement with long elephant trunk' (TARLET). Since then, we have made minor changes to the original technique and currently use the TARLET approach as a 'single-stage procedure' ('permanent ET') in the majority of patients with arch aneurysms extending proximal to the descending aorta [7] . Our principal strategy is shown in the acronym 'SAFE' indicating the following important points: (i) selective cerebral perfusion for brain protection, (ii) adequate myocardial protection through a median sternotomy, (iii) fourbranched arch graft with low or zero porosity and (iv) ET anastomosis in the ascending aorta at the base of the innominate artery, of which the latter two are most important to ensure a fast, easy and watertight ET anastomosis with an open distal method [18] . Furthermore, this technique can facilitate a rapid second-stage operation if necessary.
In contrast with a 'frozen ET' procedure that utilizes a rigid and oversized stented graft, our procedure generally uses a soft and undersized, non-stented ET graft with a diameter that is about 10-20% less than the external diameter of the descending aorta including the aortic wall thickness [8] . The concept of a single-stage 'permanent ET' did not originate from us, as it was initially suggested in the original study by Borst et al. [19] . The purpose of the present study is to report our experience with the TARLET technique for repair of extensive arch aneurysms, with special attention paid to the problems of spinal cord injury ( paraplegia or paraparesis), retrograde peri-graft flow ('distal endoleak') and subsequent dilatation (aneurysm growth) of the distal descending aorta during the late postoperative phase.
MATERIALS AND METHODS

Patients
Between October 1998 and June 2011, 127 consecutive patients with arch aneurysms underwent total arch replacement with a long ET. All were enrolled in this study after approval was obtained from the institutional review board, with informed consent provided by each patient. The baseline clinical characteristics are shown in Table 1 . Forty-seven concomitant surgical procedures were performed in 44 (35%) patients.
Operative strategies. On the basis of the 'uninvolved' descending aorta diameter (usually at the sixth to eighth thoracic vertebral level), one of the two following strategies was adopted in principle.
Single-elephant trunk strategy ( permanent elephant trunk).
Provided that the diameter of the uninvolved descending aorta was 35 mm or less, and the contact zone expected between the ET prosthesis and aortic wall at that location was 3 cm or more in length, the first-stage procedure was attempted as a 'permanent ET' that did not require a subsequent distal procedure for the descending aorta. Ninety-four patients were assigned to the single-stage strategy.
Staged-elephant trunk strategy. If the descending aorta was diseased and >35 mm in diameter, a two-stage operation was planned, with the second performed within an appropriate period after the initial operation. The second-stage procedure was carried out mainly via a left thoracotomy in the early series of patients, whereas recent patients usually underwent an ET completion with a transluminal thoracic endovascular stent-graft insertion. Thirty-three patients were assigned to the two-stage strategy.
Surgical techniques. Our perfusion strategies ( Fig. 1A and B) , and original and modified ET techniques (Fig. 1C-G ) have been previously reported [2, 7, 18] . Our current technical strategies are as follows. (i) The ascending aorta and arch vessels are minimally dissected via a median sternotomy. (ii) Dacron grafts (8-mm) (Gelweave, Vascutek, Germany) are anastomosed to the right and left axillary arteries below the clavicle, and then the opposite end of the left graft is introduced into the pericardial space through a retro-claviclar tunnel (Fig. 1C) . (iii) The patient is placed on cardiopulmonary bypass with the arterial return to the right axillary artery graft and venous drainage through the bicaval cannulas, and cooled to 25°C (Fig. 1C) . (iv) While cooling the patient, the heart is arrested by antegrade and retrograde cold blood cardioplegia. Next, a 4-branched arch graft (Hemashield Platinum [Maquet Cardiovascular LLC, Wayne, NJ, USA], J Graft Shield Neo [Japan Lifeline Co., Ltd, Tokyo, Japan] or Triplex [Terumo Co., Ltd, Tokyo, Japan]) is sutured into the sinotubular junction, with multiple interrupted 4-0 pledgeted polypropylene sutures and a running 3-0 polypropylene suture (Fig. 1D) . (v) After proximal anastomosis is completed and the patient cooled to 25°C, selective cerebral perfusion is instituted with a flow rate of 10 ml/kg/min using both axillary grafts anastomosed to the right and left axillary arteries, with an additional 3-mm small cannula (Stöckert paediatric aortic cannula A272-30N [Stöckert Instrumente GmbH, München, Germany]) in the left common carotid artery. Cerebral oxygen saturation is monitored with near infrared spectroscopy. (vi) After systemic perfusion is discontinued, a non-stented ET tube graft (Hemashield Platinum) is inserted into the descending aorta by pulling the edge of the lesser curvature of the graft with the aid of a catching catheter (Amplatz Goose-Neck Snare; Microvena, White Bear Lake, MN, USA) introduced from the femoral artery (Fig. 1E) ; 3-0 Tevdek sutures (Akiyama Medical Manufacturing Co, Ltd, Tokyo, Japan) are placed on the lesser curvature of the ET, to fix its length and prevent stretching (Fig. 1E) . The distal ET end is confirmed by transoesophageal echocardiogram findings. The graft is then modulated (inflated) onto the aortic wall by filling an umbrella bag placed inside the graft with water. (vii) Under an open distal condition, a distal anastomosis is performed at the base of the innominate artery between the 4-branched graft and distal ascending aorta, incorporating the ET graft, using a 3-0 or 4-0 polypropylene running suture (Fig. 1F ). (viii) Any debris or air is meticulously washed out by retrograde perfusion via a small arterial cannula placed in the right femoral artery. (ix) Antegrade distal perfusion is then resumed via the side branch of the graft and the patient re-warmed. (x) Finally, the arch vessels are separately reconstructed with an end-to-end anastomosis during the re-warming period (Fig. 1G ).
Diameter and length of elephant trunk. The diameter and length of the ET graft were determined based on preoperative computed tomographic angiography findings. The diameter of the ET was 10-20% smaller (range 18-28 mm) than the external diameter of the uninvolved descending aorta (usually at the sixth to eighth thoracic vertebral level), while the graft length was determined by measuring the lesser curvature of the aorta from the base of the innominate artery until the uninvolved descending aorta level so as to obtain an adequate (3 cm or more) contact zone length between the ET graft and the inner aortic wall at the ET distal end [20] . In cases with aortic dissection, the graft diameter was based on the diameter of the true lumen of the descending aorta at the anticipated level to avoid a new tear or laceration created by insertion of an oversized graft. The median length of the ET prosthesis was 15 cm (10-22 cm) and the median diameter 24 mm (18-28 mm).
As a result, the distal end of the ET graft, marked with a metal clip, was located at the sixth thoracic vertebra level (Th6) in 18, Th7 in 38, Th8 in 31, Th9 in 22 and Th10 in six patients.
Follow-up and measurements
All patients underwent computed tomography (CT) scanning within 1 week and 1 month after surgery. Those who demonstrated complete thrombosis of the arch aneurysm on CT images were discharged and followed on an outpatient basis, with annual serial CT scans ( Fig. 2A and B). The remaining patients who did not demonstrate complete thrombosis of the aneurysm on CT scans required a second-stage operation, as previously described ( Fig. 2C and D) [2] . Measurements were obtained from all available postoperative CT scans and the ET distal end was defined on an image showing the complete clip set (i.e. where the metal clips were actually implanted). The descending aorta diameter, defined as the shortest external diameter, was measured at 1, 2 and 3 cm above and below the distal end of the ET. Analysis was confined using two-dimensional transverse images. To perform the measurements, the images were scanned at 300 dots per inch and measured with a computerized planimeter (NIH Image, National Institutes of Health, Bethesda, MD, USA), as previously described [20] . The aortic images were enlarged, and then the diameters were measured and calculated using the calibration scales included in the instrument software. The vertical length from the origin of the descending aorta at the lesser curvature of the aortic arch (inner curve of the aortic arch) to the distal end of the graft (ΔL) was measured in the sagittal plane by two radiologists using postoperative CT angiogram images.
Statistical analysis
Continuous values are expressed as the mean ± SD and were subjected to analysis of variance (ANOVA) using SPSS Ver. 11.0 (SPSS Inc., Chicago, IL, USA). Stepwise logistic regression analysis was performed to identify risk factors for postoperative spinal cord injury and predictors for failure of thromboexclusion of the aneurysm. Variables (Supplementary Appendix) were first compared using Fisher's exact test or a Mann-Whitney U-test, then variables with a P-value <0.2 were appropriately entered into the multivariate model. The diameter of the descending aorta was first analysed by one-way ANOVA for differences across the whole time course; then a Tukey-Kramer post hoc test was used to verify the significance of specific comparisons at each time point. Survival curves were generated using Kaplan-Meier methods. A P-value <0.05 was considered to be significant.
RESULTS
Overall survival
The cumulative mortality for our long ET series was 21.2% (27/127), which includes six in-hospital deaths for the two procedures and three deaths from aortic rupture in the interval between them, with both mortalities considered to be an 'intention-to-treat' failure. Kaplan-Meier actuarial survival rates were 89, 86, 78 and 74 at 1, 3, 5 and 7 years, respectively.
Early results
Aortic cross-clamp time was 99 ± 42 min, while the hypothermic circulatory arrest time at 25°C (open distal time) was 25 ± 8 min, selective cerebral perfusion time was 86 ± 27 min and total cardiopulmonary bypass time was 203 ± 54 min ( Table 2) . No patient required re-exploration for postoperative bleeding. Stroke occurred in three (2.4%), paraplegia in three (2.4%) and paraparesis in one (0.8%) of 127 patients. Another four (3.1%) suffered transient paraplegia that resolved completely within 24 h.
The 30-day mortality rate was 1.6% (2/127), both of whom died from rupture of the remote distal aneurysm segment (distal descending aorta at the diaphragm level and thoracoabdominal level) on postoperative Day 4 and 7, respectively. The aneurysm diameter in these two cases was 6.7 and 7.0 cm, respectively. Another seven patients (5.5%) died thereafter (>30 days) during the same hospital stay, two of pneumonia at 2 and 5 months, respectively, two of mediastinitis at 2 and 4 months, respectively, one of a thoracoabdominal aortic aneurysm (TAAA) rupture on postoperative Day 45, one of biliary sepsis due to cholecystitis at 2 months and one of multiple organ failure from an aorto-oesophageal fistula on postoperative Day 160. Twenty patients underwent a rapid second-stage surgery on postoperative Day 20 ± 20 (range: 1-79 days), because complete thromboexclusion was not accomplished and/or a high risk of rupture of the remaining aortic aneurysm was anticipated. As a result, the second-stage procedure was performed via a left thoracotomy approach in 12 cases and a transluminal endovascular approach in the eight more recent cases. None of these patients died within 30 days, while two died of biliary sepsis due to cholecystitis and pneumonia, respectively, during the same hospital stay, as described above.
Late results
The average follow-up period was 46 ± 37 months. There were 18 late deaths, four due to aneurysm-related causes and 14 not related to aortic disease (Table 3) . One patient who had a megaaorta due to Marfan syndrome and underwent a combined repair of aortic arch and root disease as a first-stage procedure died from a TAAA rupture 77 months after the first-stage operation. This patient refused the second-stage operation. One patient died from an iliac aneurysm rupture at 5 years, one developed an aorto-oesophageal fistula with an ET graft infection and died at 59 months, and one suffered from an aortopulmonary fistula and died at 126 months after the operation.
Seven patients returned after hospital discharge because of residual endoleak and underwent a second procedure, with the interval between the first and second procedures being 19 ± 13 months. The in-hospital mortality rate for these cases was 0%. The second-stage procedure was performed via a left thoracotomy approach in six cases and a transluminal endovascular approach in the most recent one case. One patient developed an aorto-oesophageal fistula at 14 months after TARLET and underwent successful rescue surgical treatment. One patient developed an aorto-oesophageal fistula 4.5 years after TARLET, with possible infection of the ET graft distal end. We performed ET extension by an endovascular approach on an urgent basis as well as oesophagectomy. That patient eventually died of Pneumocystis carinii pneumonia 2.5 months after hospital admission.
Computed tomography
CT scans were performed within 30 days after TARLET and demonstrated complete thrombosis of the peri-graft space ('thromboexclusion') around the ET in 92 (72%) of all patients, and in 86% of those who underwent the single-ET (81/94) and 33% who underwent the staged-ET strategy (11/33).
Of the 94 single-stage patients, 11 of 13 without complete thrombosis underwent a subsequent second-stage procedure, while the remaining two with acute aortic dissection are being followed. As for the 33 two-stage patients, 16 of 22 without complete thrombosis underwent a subsequent second-stage procedure. In the remaining six, four died from TAAA rupture, including the one patient who refused the second-stage operation, while two are being closely followed.
Analysis of risk factors for spinal cord injury following total arch replacement with long elephant trunk
The influences of patient characteristics and perioperative covariates (Supplementary Appendix) on postoperative spinal cord injury were also examined (Table 4) . Multivariate analysis showed previous AAA repair and ΔL as the only significant risk factors for postoperative spinal chord injury. Notably, the length of the ET utilized was similar between patients with and without this complication. This finding suggests that ET length should be individually determined before the operation.
Analysis of factors associated with failure of thrombosis following total arch replacement with long elephant trunk
In the 94 patients assigned to the single-ET strategy, variables relating to complete or incomplete thrombus formation around the ET were examined (Table 5 ). Univariate analysis showed that the length of the ET was similar between the groups. However, the size of the descending aorta, maximum diameter of the aneurysm, level of the ET end and ΔL were significantly larger in patients with incomplete thrombosis than in those with Changes in diameter of distal descending aorta following total arch replacement with long elephant trunk
There was no further dilation of the aorta at any measurement time-point for up to 5 years. This finding suggests that TARLET can prevent distal aneurysm development at site of an untreated distal aorta, though a longer follow-up period is required for firm conclusions (Table 6 ).
DISCUSSION
We speculate that our strategy for use of a long ET could be successfully applied to a variety of aortic arch pathologies, with low rates of in-hospital mortality and interval mortality with such a staged-ET procedure, as well as low incidences of neurological and haemorrhagic complications, and satisfactory long-term survival. Our results are largely in line with those in recent series of frozen ET procedures, or debranching of the aortic arch and endovascular stenting, and can also be favourably compared with those in contemporary series of single-stage extensive aortic replacement procedures [9] [10] [11] [12] [17] [18] [19] . In our single-stage strategy, use of an undersized non-stented ET graft resulted in complete thrombosis and led to shrinkage of the aneurysm in the great majority of patients. Those with incomplete thromboexclusion were successfully treated with subsequent downstream procedures via a left thoracotomy or transluminal approach. With our two-stage strategy, nearly all patients, except for one who refused, successfully underwent the second-stage procedure, with a low in-hospital mortality rate after the operation. In contrast to the frozen ET procedure, in which the stent graft is intentionally oversized by 10-20% of the descending aortic diameter (30-46 mm) [8, 9] , our TARLET procedure employs a soft (because of the non-stented status) and undersized woven graft with a diameter (18-28 mm) that is 10-20% smaller than the outer diameter of the descending aorta to match, in a slightly and not overly tight manner, both the inner diameter of the descending aorta and the outer diameter of the graft. Despite the use of a slightly undersized graft in our single-ET strategy, thromboexclusion of the aneurysm could be obtained in the great majority of patients. Furthermore, we have never had a case that showed a distal aneurysm expansion or extension during the 5-year follow-up period that included CT scanning. On the other hand, even in patients assigned to the staged-ET strategy, 45% with acute and chronic aortic dissection also showed complete thrombosis or obliteration of the false lumen, and did not need a re-operation for residual aortic aneurysm lesions. Thus, it seems likely that the TARLET procedure continues to prevent recurrence of distal retrograde endoleak and distal aneurysm growth over a long period once complete thromboexclusion is accomplished.
Spinal cord injury following total arch replacement with long elephant trunk
In our series, we found a relatively high rate of spinal cord injury, when compared with a conventional short ET, or debranching and stenting procedures [5, 6, 11] . On the other hand, our permanent paraplegia/paraparesis rates are in line with those in a previously reported frozen ET series [10] . The causes and risk factors of this complication are not well defined. One study suggested that spinal cord ischaemic time (>60 min), haemodynamic instability after cardiopulmonary bypass, and cholesterin embolus in the anterior spinal artery are associated with postoperative paraplegia, though patient age >75 years was the only significant risk factor for this complication in univariate analysis [21] . Notably, in the autopsy findings of two patients who died, the Adamkiewicz arteries were not blocked by the stent graft in those cases. Another study identified a history of abdominal aortic surgery and vertebral level (>Th7) of the distal landing zone as significant independent risk factors for spinal cord artery, though only the latter was significant in multivariate analysis [22] . Our finding that the ET distal end was significantly deeper in patients with a postoperative spinal cord injury appears to support the speculation that obliteration of collateral blood flow through the intercostal arteries, not the Adamkiewicz artery itself, may be one of the major mechanisms for postoperative spinal cord injury [23] . The concept of a collateral network circulation in the spinal cord has been proposed and the importance of inputs into this network, including the subclavian arteries and segmental vessels, is recognized [23] . The temperature during and the period of hypothermic circulation are also likely important factors associated with postoperative spinal cord injury. Our technical modifications to maintain the collateral network circulation have been reported [7] . At the present time, we consider that the ET prosthesis should not be inserted beyond the Th8 level. To prevent overstretching when the graft is pulled down into the descending aorta, we place the suture onto the lesser curvature of the ET beforehand to fix its length.
Distal endoleak or incomplete thromboexclusion following total arch replacement with long elephant trunk
Incomplete thromboexclusion early after the operation was found in a significant percentage of our single-ET strategy patients (14%), though nearly all were treated successfully by subsequent downstream procedures, without ligations of the intercostal arteries. Thus, incomplete aneurysmal thrombosis may be mainly attributable to incomplete distal aortic sealing. The distal sealing ability of an undersized ET is considered to be inferior to that of an oversized frozen ET. However, we believe that the lowered radial forces by slight undersizing might lessen aortic wall stress and reduce the risk of aortic injury, such as erosion or fistulization into adjacent structures. In our patients with a relatively large aneurysm (>65 mm), distal endoleak likely remained after the operation. Postoperative CT scanning showed some kinking of the ET in the fusiform aneurysm, and entrapment of a large saccular aneurysm or displacement (cephalad migration of the ET) toward the outer curve of the aortic arch aneurysm. It is conceivable that through these potential mechanisms, distal aortic sealing is insufficient to seal against peri-graft flow into the aneurysm. Therefore, it is necessary to confirm the success or failure of thromboexclusion of the aneurysm early after this procedure, especially in patients with large and extensive aneurysms. If a major distal endoleak is detected, a second rescue procedure should be scheduled for as soon as the patient has recovered from the first operation. Patients with a maximal aneurysm diameter >65 mm have an elevated risk of this type of distal endoleak [7] .
New appearance of endoleak and distal aneurysm development following total arch replacement with long elephant trunk
We have not encountered a rupture or re-expansion of the arch aneurysm ( possibly resulting in late distal endoleak) in patients with complete aneurysmal thrombosis or false lumen obliteration. In addition, our longitudinal CT findings have shown no significant progressive expansion or extension (aneurysm growth) in the distal descending aorta beyond the ET distal end in any patient during the 5-year follow-up period.
In the frozen ET procedure, the stent graft is intentionally oversized by 10-20% of the descending aortic diameter so that radial force from the stent keeps it in place. The stent graft is further moulded to the aortic wall with the aid of an appropriately sized balloon catheter [9] . This continuous radial force onto the aorta may lead to the dilatation of the distal landing site of the graft. Unfortunately, several cases of new-onset endoleak or rupture of the descending aorta at various times after the frozen ET procedure have been reported [10, 13] .
Miscellaneous complications following total arch replacement with long elephant trunk
Fistulization into adjacent structures, such as the oesophagus, trachea, bronchus or pulmonary parenchyma, is a rare but highly lethal complication in patients with thoracic aortic aneurysm as well as in those undergoing a thoracic open or endovascular aortic repair for that complication [24, 25] . Quite recently, we encountered such complications in four patients after the TARLET procedure. Fistulization into the oesophagus or airway is a well-known sequel to thoracic endovascular aortic repair including frozen ET procedures, with an incidence of 1.7-2.2% in treated patients [25] . The most common cause of fistulization may be erosion of the aneurysmal wall or an adjacent structure compressed by the aneurysm. Compression of the oesophagus or airway may result in a local inflammatory response, adhesion and tissue necrosis that lead to mucosal erosion, ulceration and penetrations, and eventual fistulization. Bacterial contamination (infection) would also have an adverse effect on the involved location. For aorto-oesophageal fistulae after an endovascular stent-graft repair, an oversized prosthesis and its rigidity have been suggested as causative factors.
With our techniques, even if complete thromboexclusion can be visualized with imaging techniques, some pressure transmission through the thrombus may still lead to elevated pressure in the aneurysmal sac, with the possible risk of fistulization into an adjacent organ. Our experience indicates that the incidence of post-TARLET aorto-oesophageal and aortopulmonary fistulae may be comparable to the incidence after an endovascular frozen ET procedure. Thus, in this respect, our technique does not appear to provide any advantage over a frozen ET technique or conventional repair. To prevent this dreadful complication following thoracic aneurysmal thromboexclusion surgery, prophylactic procedures are necessary, especially in patients with relatively large aneurysms who have signs/symptoms of compression of surrounding structures.
Total arch replacement with long elephant trunk for aortic dissection
Although there are many reports of total arch replacement with or without an ET procedure, such procedures remain controversial [10] . In cases of chronic aortic dissection with a compressed small true lumen or malperfusion, optimal ET rigidity (stented ET or soft ET) and optimal ET size (oversized or undersized ET) are not clear. In such cases, the benefits of TARLET should be compared not only with those of frozen ET, but also with a conventional ET technique. Minimally, it is important to understand the entry and re-entry sites of the false lumen, and elucidate preoperative blood flow in the abdominal branch arteries.
Limitations of this study
Our study is a retrospective single-institute cohort investigation and not randomized, thus it is not possible to elucidate the precise advantages of the TARLET technique, in which an ET is anastomosed at the base of the innominate artery. It is not possible to compare our results with those of other conventional ET or frozen ET series, or recent debranching procedures with stentgraft insertion, because it is unlikely that the patients subjected to these procedures are entirely comparable in terms of the extent of aneurysm and the risk factors.
CONCLUSION
Our technique was shown to be safe and effective for preventing retrograde flow into the aneurysm, and further dilation of the descending aorta, lowering the need for a second-stage operation and achieving favourable long-term survival for most patients assigned to the single-stage strategy. In addition, most patients assigned to the two-stage strategy showed persistent peri-graft perfusion and required a rapid second-stage procedure.
